McMenamin CA, Anselmi L, Travagli RA, Browning KN. Developmental regulation of inhibitory synaptic currents in the dorsal motor nucleus of the vagus in the rat. J Neurophysiol 116: 1705-1714, 2016. First published July 20, 2016 doi:10.1152/jn.00249.2016Prior immunohistochemical studies have demonstrated that at early postnatal time points, central vagal neurons receive both glycinergic and GABAergic inhibitory inputs. Functional studies have demonstrated, however, that adult vagal efferent motoneurons receive only inhibitory GABAergic synaptic inputs, suggesting loss of glycinergic inhibitory neurotransmission during postnatal development. The purpose of the present study was to test the hypothesis that the loss of glycinergic inhibitory synapses occurs in the immediate postnatal period. Whole cell patch-clamp recordings were made from dorsal motor nucleus of the vagus (DMV) neurons from postnatal days 1-30, and the effects of the GABA A receptor antagonist bicuculline (1-10 M) and the glycine receptor antagonist strychnine (1 M) on miniature inhibitory postsynaptic current (mIPSC) properties were examined. While the baseline frequency of mIPSCs was not altered by maturation, perfusion with bicuculline either abolished mIPSCs altogether or decreased mIPSC frequency and decay constant in the majority of neurons at all time points. In contrast, while strychnine had no effect on mIPSC frequency, its actions to increase current decay time declined during postnatal maturation. These data suggest that in early postnatal development, DMV neurons receive both GABAergic and glycinergic synaptic inputs. Glycinergic neurotransmission appears to decline by the second postnatal week, and adult neurons receive principally GABAergic inhibitory inputs. Disruption of this developmental switch from GABA-glycine to purely GABAergic transmission in response to early life events may, therefore, lead to adverse consequences in vagal efferent control of visceral functions. VAGALLY MEDIATED REFLEXES are critical to the integration, modulation, and organization of several visceral reflexes, including gastric motility, secretion, and emptying, pancreatic exocrine and endocrine secretion, and energy balance and food intake, to name but a few (Browning and Travagli 2014). Sensory information from the gastrointestinal tract is encoded and relayed to the central nervous system via the afferent vagus nerve, the central terminals of which enter the brain stem via the tractus solitarius and terminate on second-order neurons of the nucleus of the tractus solitarius (NTS), using primarily glutamate as a neurotransmitter (Andresen and Yang 1990). NTS neurons assimilate this sensory information with inputs from other brain stem and higher central nervous system centers involved in autonomic homeostasis and relay the appropriate integrated signal to, among other areas, the adjacent dorsal motor nucleus of the vagus (DMV) using glutamate, GABA, and catecholamines as neurotransmitters. The DMV contains the cell bodies of preganglionic parasympathetic motoneurons, which relay the appropriate output signal back to the viscera via the efferent vagus nerve (Browning and Travagli 2014).
In the early postnatal period, DMV neurons receive both GABAergic and glycinergic synaptic inputs. GABAergic currents are slower than glycinergic currents, although both glycine and GABA synaptic currents become faster during development, increasing the temporal precision by which vagal motoneurons are finely regulated by synaptic inputs. Glycinergic inputs decline by the second postnatal week such that, by adulthood, dorsal motor nucleus of the vagus neurons receive predominantly GABAergic inhibitory synaptic inputs.
VAGALLY MEDIATED REFLEXES are critical to the integration, modulation, and organization of several visceral reflexes, including gastric motility, secretion, and emptying, pancreatic exocrine and endocrine secretion, and energy balance and food intake, to name but a few (Browning and Travagli 2014) . Sensory information from the gastrointestinal tract is encoded and relayed to the central nervous system via the afferent vagus nerve, the central terminals of which enter the brain stem via the tractus solitarius and terminate on second-order neurons of the nucleus of the tractus solitarius (NTS), using primarily glutamate as a neurotransmitter (Andresen and Yang 1990) . NTS neurons assimilate this sensory information with inputs from other brain stem and higher central nervous system centers involved in autonomic homeostasis and relay the appropriate integrated signal to, among other areas, the adjacent dorsal motor nucleus of the vagus (DMV) using glutamate, GABA, and catecholamines as neurotransmitters. The DMV contains the cell bodies of preganglionic parasympathetic motoneurons, which relay the appropriate output signal back to the viscera via the efferent vagus nerve (Browning and Travagli 2014) .
Several in vitro and in vivo studies have demonstrated that, in the rat, the activity of DMV neurons is inhibited tonically by GABAergic synaptic inputs, principally arising from the NTS (Gao and Smith 2010; Sivarao et al. 1998; Travagli et al. 1991) . Indeed, antagonism of GABA A receptors on vagal efferent motoneurons increases gastric motility and tone dramatically, whereas antagonism of glutamatergic and catecholaminergic receptors has little effect (Rogers et al. 2003; Sivarao et al. 1998) , demonstrating that GABAergic synaptic inputs are critically important in setting the "tone" of vagal efferent neuron activity and visceral outflow.
Vagal sensorimotor circuits are first apparent around embryonic day 13, vagal motoneurons innervating the gastrointestinal tract are first detected around embryonic day 14, and central vagovagal neurocircuits appear mature, at least anatomically, by embryonic day 18 (Rinaman and Levitt 1993; Rinaman et al. 2000) . Detailed immunohistochemical and electron microscopic studies have demonstrated that vagal neurocircuits undergo a significant degree of synaptogenesis, refinement, and reorganization during the postnatal period and do not appear fully mature until postnatal days (P)22-28 (Dufour et al. 2010; Rao et al. 1999; Rinaman 2003; Tell 1997, 1999) . Inhibitory synaptic terminals, in particular, undergo a considerable degree of development, increasing density dramatically into the second postnatal week and declining thereafter (Dufour et al. 2010) .
Immunohistochemical studies of the adult cat NTS have suggested that three different types of inhibitory terminals exist: those that contain GABA and glycine, those that contain GABA only, and a smaller population of glycine-only termi-nals (Saha et al. 1999 ). In the developing rat brain stem, immunohistochemical studies have suggested that glycine and GABA are coexpressed in the NTS (Dufour et al. 2010) but that in the adult rat, it appears that glycine-only terminals are absent, and terminals contain either GABA alone or coexpress glycine and GABA (Batten et al. 2010; Dufour et al. 2010) . Furthermore, these GABA-glycine-coexpressing terminals appear to have a distinct regional expression, being concentrated laterally particularly within the caudal and intermediate NTS, areas known to receive cardiovascular and respiratory afferent inputs (Ciriello 1983; Kalia and Richter 1985; Wallach and Loewy 1980) . Neurophysiological studies have demonstrated GABAergic and glycinergic inhibitory cotransmission within brain stem neural networks (Awatramani et al. 2005; Rahman et al. 2013; Russier et al. 2002; Singer et al. 1998) , with some studies suggesting corelease of both transmitters from the same synaptic vesicle (Rahman et al. 2013; Russier et al. 2002) . GABAergic and glycinergic currents have different time courses, with GABAergic currents being slower in both onset and decay (Awatramani et al. 2005; Russier et al. 2002; Singer and Berger 2000) . Dual inhibition by GABA and glycine, therefore, appears to increase the temporal window for synaptic inhibition, with GABA inducing a more sustained inhibition, whereas glycine produces a fast, more transient inhibition (Russier et al. 2002; Singer and Berger 2000) . Both GABA and glycine receptors are subject to developmental maturation, however, with inhibitory currents becoming faster over time due to the expression of kinetically faster receptor subunits (Liu and Wong-Riley 2013; Ortinski et al. 2004; Takahashi et al. 1992) , suggesting the temporal window for synaptic integration decreases with neural network maturation (Awatramani et al. 2005; Russier et al. 2002; Singer and Berger 2000) .
Despite the immunohistochemical evidence indicating a potential glycinergic input onto DMV neurons, particularly early in development, physiological studies have demonstrated that GABA is the principal inhibitory neurotransmitter at the NTS-DMV synapse. DMV neurons are inhibited tonically by GABAergic synaptic inputs (Babic et al. 2011; Gao and Smith 2010; Travagli et al. 1991) , which decrease vagal efferent excitability and subdiaphragmatic visceral functions including gastric motility and tone (Sivarao et al. 1998 ) and pancreatic exocrine secretion (Babic and Travagli 2014; Mussa and Verberne 2008) . While DMV neurons may express glycine receptors (Cassell et al. 2000) , previous studies by our group and others have demonstrated that at 30 M, bicuculline (BIC) abolishes all miniature inhibitory postsynaptic current (mIPSCs) in adult DMV neurons (Babic et al. 2011; Gao and Smith 2010; Travagli et al. 1991) . As a competitive antagonist, this concentration of BIC may be nonselective for GABA A receptors; previous electrophysiological studies have shown conclusively, however, that glycinergic synaptic currents are not present in adult DMV neurons (Travagli et al. 1991) , rendering the question of selectivity for GABA A versus glycine receptors less important.
Adverse early life events, including maternal stress and neonatal separation, have been shown to alter the development of autonomic neurocircuits (Banihashemi and Rinaman 2010; Rinaman et al. 2011) , leading potentially to permanent disruption of brain stem neurocircuit neuroanatomy and neurophysiology, raising the possibility of lifelong dysfunction in vagally dependent visceral regulation (Liu et al. 2008 ). Inhibitory neurocircuits appear particularly vulnerable to developmental disruption (Caldji et al. 2000; Kinkead et al. 2008) . Given the prominent role that GABAergic synaptic inputs play in regulating the excitability of vagal efferent motoneurons and the potential for developmental dysregulation of inhibitory synapse maturation, the aims of the present study were to use electrophysiological methods to 1) test the hypothesis that loss of glycinergic inhibitory synapses occurs in the immediate postnatal period and 2) to determine the critical time points and contributions of GABAergic versus glycinergic transmission to DMV neurons.
MATERIALS AND METHODS
All experiments were conducted with the approval of the Penn State College of Medicine Institutional Animal Care and Use Committee and according to National Institutes of Health regulations.
Animals. Timed pregnant Sprague-Dawley dams (Charles River, Kingston, NY) and offspring were housed under a standard 12:12-h light-dark cycle at 24°C and had ad libitum access to food and water. An average of five DMV neurons from two to six rats were recorded for each time point studied, from P1-30 inclusive, with a total of 130 rats being used in the present study (P1-7: n ϭ 32, P8-14: n ϭ 24, P15-21: n ϭ 28, and P22-30: n ϭ 46).
Electrophysiology. Rats were anesthetized with 3% isoflurane in a custom-made anesthetic chamber, and, after abolition of the foot pinch withdrawal reflex, a bilateral pneumothorax was performed. The brain stem was then removed and placed immediately in chilled, oxygenated Krebs solution (see below for composition). A vibratome was used to cut four to six coronal slices (300 m thick) spanning the entire rostrocaudal extent of the dorsal vagal complex (DVC). The slices were then incubated in oxygenated Krebs solution at 30 Ϯ 1°C for at least 90 min before recording. A single slice was then transferred to the stage of a Nikon E600FN microscope equipped with DIC (Nomarski) optics, held in place by a nylon mesh in a custom-made 500-l chamber, and kept at 32 Ϯ 1°C via perfusion with oxygenated Krebs solution at a rate of 2.5-3 ml/min. DMV neurons were identified by their size and location relative to the small dorsal NTS neurons and larger, more heavily myelinated hypoglossal neurons.
Whole cell patch-clamp recordings were made using pipettes of 3-to 5-M⍀ resistance when filled with either KCl or potassium gluconate intracellular solution (see below for compositions) and a single electrode voltage-clamp amplifier (Axoclamp 200B, Molecular Devices, Union City, CA). All recordings were performed in Krebs solution containing the nonselective ionotropic glutamate antagonist kynurenic acid (1 mM). To be considered acceptable, neurons had to have a series resistance of Ͻ20 M⍀, the membrane had to be stable at the holding potential, and the action potential evoked after injection of direct current had to return to baseline after the afterhyperpolarization.
Voltage-clamp recordings. mIPSCs were recorded from DMV neurons voltage clamped at Ϫ60 mV using KCl intracellular solution. To block action potential-dependent synaptic transmission, tetrodotoxin (0.3 M) was included in the Krebs solution. Note that, in DMV neurons, mIPSCs are due exclusively to the actions of GABA or glycine receptor activation. The effects of BIC (1 and 10 M) and strychnine (STRY; 1 M) on mIPSC frequency, amplitude, and rate of rise and decay were assessed using MiniAnalysis Program Software (Synaptosoft, Leonia, NJ) on a personal computer. Antagonists were applied in random order with full recovery allowed in between applications. Neurons were considered responsive if the antagonist altered mIPSC decay time by Ͼ1 ms or decreased mIPSC frequency or amplitude by Ͼ20%.
The effects of GABAergic and glycinergic transmission on holding current were assessed using KCl intracellular solution in DMV neurons voltage clamped at Ϫ60 mV. Glycine (100 M), muscimol (1 M), BIC (1 M), or STRY (1 M) were applied for a period of time sufficient for the response plateau or a total of 3 min if the neuron showed no response.
To assess the chloride reversal potential, perforated patch-clamp recordings were made using potassium gluconate-filled pipettes containing gramicidin B (100 g/ml). Neurons were voltage-clamped at potentials between Ϫ40 and Ϫ90 mV, and the response to pressure ejection of muscimol (100 M) was assessed.
Data were stored on a personal computer with PatchClamp10 software and analyzed with Clampfit software (Molecular Devices).
Current-clamp recordings. Changes in action potential firing rates were recorded from DMV neurons current clamped at approximately Ϫ60 mV using potassium gluconate intracellular solution before the depolarizing current was passed through the neuronal membrane (400-ms duration, 20 -270 pA), and the number of action potentials fired was noted and expressed as pulses per second (pps). Neurons were superfused with BIC or STRY, the membrane potential was reestablished by injection of hyperpolarizing current, and the depolarizing protocol was rerun. The number of normalized action potentials was then expressed as a percentage of control.
Drug application and statistical analysis. Drugs were dissolved in Krebs solution at concentrations previously demonstrated to be effective (Travagli et al. 1991 ) and applied to the brain stem slice via a series of manually operated valves. Data were analyzed with GraphPad Prism software (GraphPad Software, La Jolla, CA). Each neuron served as its own control, and parameters were assessed before and after drug application using a paired Student's t-test. Linear regression analysis was used to determine the correlation between the measured parameter and postnatal age. Results are expressed as means Ϯ SE, and significance was defined at P Ͻ 0.05.
Immunohistochemistry. Before the removal of the pipette at the end of the electrophysiological recordings, Neurobiotin (2.5 mg/ml; Vector Laboratories, Burlingame, CA) was injected into the DMV neuron by passing brief positive current (600 sweeps, 400 ms on-600 ms off) through the patch pipette. After removal of the pipette, the neuronal membrane was allowed to reseal for 10min before brain stem slices were fixed in Zamboni's fixative at 4°C overnight.
Brain stem slices were cleared of Zamboni's fixative by repeated washing in PBS (see below for composition). All tissue washing and incubation steps were done on a multipurpose rocking shaker at room temperature. Tissues were washed (3 ϫ 15 min) in 0.1 M PBS followed by 90 min in 0.05% sodium borohydride in 0.1M PBS and then Immunobuffer (IB; 3 ϫ 5 min; see below for composition). Tissues were then incubated in IB with 10% normal horse serum (NHS) for 1 h before being incubated with goat anti-choline acetyltransferase (ChAT) primary antibody at 1:5,000 diluted in IB ϩ 10% NHS for 5 days. Tissues were then rinsed (3 ϫ 5 min; 3 ϫ 15 min) in PBS before being incubated in IB ϩ 1% NHS for 1 h before the application of donkey anti-goat Alexa fluor 488 antibody (1:500) and Texas red avidin D (1:100) diluted in IB ϩ 1% NHS for 24 h in darkness.
Tissues were rinsed in PBS (3 ϫ 5 min), plated onto gelatin-coated slides, and coverslipped with Fluoromount (Southern BioTech, Birmingham, AL).
Image analysis. To confirm the location of the Neurobiotin-labeled recorded DMV neuron, brain stem tissues were examined using a Nikon E400 microscope. Double labeling of Neurobiotin and ChATimmunoreactive neurons was identified using confocal images taken on a Fluoview FV100 confocal microscope (Olympus, Center Valley, PA), which were stacked using the Z-series of scans at ϫ100 magnification, and the neurons were visually compared for any differences in morphology or colocalization.
Solution compositions. Krebs solution contained (in mM) 120 NaCl, 26 NaHCO 3 , 3.75 KCl, 1 MgCl 2 , 2 CaCl 2 , and 10-D-glucose maintained at pH 7.4 with 95% O 2 -5% CO 2 .
KCl intracellular solution contained (in mM) 140 KCl, 1 CaCl2, 1 MgCl 2 , 10 HEPES, 10 EGTA, 2 Na 2 ATP, and 0.25 NaGTP adjusted to pH 7.35 with KOH.
Potassium gluconate intracellular solution contained (in mM) 128 K-gluconate, 10 KCl, 0.3 CaCl 2 , 1 MgCl 2 , 10 HEPES, 1 EGTA, 2 ATP-Na, and 0.25 GTP-Na adjusted to pH 7.35 with KOH. PBS (0.1 M) contained (in mM) 115 NaCl, 75 Na 2 HPO 4 , and 7.5 KH 2 PO 4 .
IB contained Tris-buffered PBS (0.1 M) and 0.3% Triton X-100 solution (pH 7.4).
Alexa 488 was purchased from Invitrogen (Eugene, OR). Tetrodotoxin was purchased from Alomone Labs (Jerusalem, Israel). Texas red avidin D was purchased from Vector Laboratories. Goat anti-ChAT antibody was purchased from Millipore (Billerica, MA). All other chemicals were purchased from Sigma Chemical (St. Louis, MO).
RESULTS
Whole cell recordings were made from a total of 245 neurons from 130 rats. Of these, 58 neurons were from 32 rats at 1-7 days of age, 53 neurons were from 24 rats at 8 -14 days of age, 39 neurons were from 28 rats at 15-21 days of age, and 79 neurons were from 46 rats at 22-30 days of age. Only neurons confirmed to be within the DMV boundaries ( Fig. 1) were analyzed further. Note that not all neurons were used to measure all parameters.
Glycine induces a reversible, STRY-sensitive inward current. In 3 neurons from 22-to 30-day-old rats, perfusion with glycine (100 M) induced a reversible inward current of 127 Ϯ 27 pA; perfusion with STRY (1 M) blocked the glycine-induced inward current (2 Ϯ 1 pA; i.e., in the presence of STRY, glycine-induced current was reduced to 2.5 Ϯ 1.5% of control, P Ͻ 0.05; Fig. 1C ). In contrast, in a further eight neurons (P22-30), the glycine-induced inward current was unaffected by BIC (1-10 M; 107 Ϯ 27 vs. 113 Ϯ 26 and 135 Ϯ 38 pA in the presence of 1 and 10 M BIC, respectively, P Ͼ 0.05 for each; Fig. 1C ). At 30 M, however, BIC decreased the glycine-induced inward current by 38 Ϯ 12%, from 141 Ϯ 55 to 94 Ϯ 38 pA (n ϭ 3, P Ͻ 0.05; data not shown).
GABA induces a reversible, BIC-sensitive outward current. In a further five neurons from P22-30 rats, perfusion with the GABA A receptor agonist muscimol (1 M) induced a reversible outward current of 71 Ϯ 24 pA that was unaffected by perfusion with STRY (1 M, 73 Ϯ 27 pA, P Ͼ 0.05; Fig. 1D ). In contrast, after recovery, reapplication of muscimol induced an outward current (75 Ϯ 27pA) that was blocked by BIC (1 M; Ϫ21 Ϯ 11 pA, P Ͻ 0.05; Fig. 1E ), i.e., BIC not only blocked the muscimol-induced outward current but induced an inward current indicative of a tonic GABAergic input onto DMV neurons (Babic et al. 2011; Gao and Smith 2010; Sivarao et al. 1998; Travagli et al. 1991) .
These data indicate that 1) DMV neuronal membranes express functional glycine receptors, even after postnatal maturation of vagal brain stem neurocircuits; 2) the glycine-induced inward current is due to actions at STRY-sensitive glycine receptors; and 3) at concentrations up to 10 M, BIC does not antagonize glycine receptor-induced currents.
Effects of postnatal development on baseline mIPSC properties. Baseline mIPSC frequency and decay time were analyzed to determine whether changes in basal inhibitory synaptic transmission occurred during postnatal development.
As shown in Fig. 2 , baseline mIPSC frequency and amplitude were unaltered by development, being 1.35 Ϯ 0.5 events/s and 71 Ϯ 10.0 pA at P1 (n ϭ 8) and 1.31 Ϯ 0.28 events/s and 65 Ϯ 6.4 pA at P28 (n ϭ 6, P Ͼ 0.05 for both). Similarly, mIPSC rise time (10 -90%) was unaffected by development (2.6 Ϯ 0.44 ms at P1 and 2.1 Ϯ 0.12 ms at P28, P Ͼ 0.05; data not shown). In contrast, mIPSCs became faster during development, with the mIPSC decay constant decreasing from 11.5 Ϯ 1.6 ms at P1 to 8.4 Ϯ 1.7 ms at P28 (P Ͻ 0.05; Fig. 2B ) and mIPSC half-width decreasing from 11.0 Ϯ 1.8 ms at P1 to 6.6 Ϯ 0.6 ms at P28 (P Ͻ 0.05).
Effects of postnatal development on chloride reversal potential. To assess the developmental maturation of Cl Ϫ gradient, the reversal potential of the current induced by the GABA A receptor agonist muscimol was assessed in 27 neurons (P6: n ϭ 3, P7: n ϭ 5, P8: n ϭ 8, P9: n ϭ 4, P10: n ϭ 4, and P24: n ϭ 3). As shown in Fig. 3 , the estimated reversal potential of the muscimol-induced current shifted from Ϫ55 Ϯ 1.0 mV before P8 (Ϫ55 Ϯ 2.0 mV at P6 and Ϫ55 Ϯ 1.0 mV at P7) to Ϫ66 Ϯ 1.0 mV after P8 (Ϫ67 Ϯ 1.4 mV at P8, Ϫ68 Ϯ 2.9 mV at P9, Ϫ65 Ϯ 1.0 mV at P10, and Ϫ66 Ϯ 1.0 mV at P24).
These data demonstrate that there the Cl Ϫ reversal potential of DMV neurons becomes markedly more hyperpolarized at P8, suggesting that DMV neurons become significantly more inhibited after this time point.
Effects of BIC and STRY on mIPSCs in DMV neurons. The ability of BIC and STRY to block mIPSCs was assessed in 13 DMV neurons at early postnatal time points (P5: n ϭ 2, P6: n ϭ 4, P7: n ϭ 3, and P12: n ϭ 4). In six of these neurons, perfusion with BIC (10 M) decreased mIPSC frequency by 41 Ϯ 6.4%, from 2.0 Ϯ 0.4 to 1.1 Ϯ 0.2 events/s (P Ͻ 0.05), without affecting mIPSC amplitude (48.5 Ϯ 5.7 vs. 44.6 Ϯ 5.5 pA, P Ͼ 0.05). In the continued presence of BIC, the addition of STRY (1 M) abolished mIPSC frequency (6.3 Ϯ 3.6% of control, 0.1 Ϯ 0.03 events/s, P Ͻ 0.05 vs. control and P Ͻ 0.05 vs. BIC; Fig. 4, A and C) .
Similarly, in the remaining seven neurons, perfusion with STRY decreased mIPSC frequency by 25 Ϯ 6.1%, from 1.6 Ϯ 0.5 to 1.2 Ϯ 0.5 events/s (P Ͻ 0.05), without affecting mIPSC The bottom image is a higher-magnification photomicrograph of the box outlined in the top image, showing that the Neurobiotinfilled neuron colocalizes with ChAT (yellow-orange stain). Scale bar ϭ 20 m. AP, area postrema; CC, central canal; NTS, nucleus tractus solitarius; TS, tractus solitarius; IV, fourth ventricle; XII, hypoglossal nucleus. C: representative recording from a DMV neuron voltage clamped at Ϫ50 mV demonstrating that perfusion with glycine (100 M) induced an inward current that was antagonized completely by the glycine receptor selective antagonist strychnine (STRY or STRYCH; 1 M) but not the GABA A receptor selective antagonist bicuculline (BIC; 1-10M). Note that the intracellular pipette solution contained KCl; hence, the glycine-induced current is inward. D: recording from a DMV neuron voltage clamped at Ϫ50 mV demonstrating that perfusion with muscimol (1 M) induced an outward current that was unaffected by the glycine receptor antagonist STRY (1 M). Note that the intracellular pipette solution contained potassium gluconate; hence, the muscimol-induced current is outward. E: recording from the same DMV neuron as in D, demonstrating that after washout and recovery, the muscimol-induced outward current was antagonized completely by the GABA A receptor antagonist BIC (10 M).
amplitude (88 Ϯ 6.8%, P Ͼ 0.05). In the continued presence of STRY, the addition of BIC abolished mIPSC (1.2 Ϯ 0.8%, 0.03 Ϯ 0.02 events/s, P Ͻ 0.05 vs. control and P Ͻ 0.05 vs. STRY; Fig. 4B ).
Of note, in several neurons in which STRY had little to no effect on mIPSCs, BIC at a concentration of 10 M did not eliminate all inhibitory synaptic currents. The present study demonstrates, however, that at 30 M, BIC is not selective for GABA A receptors but also antagonizes glycine receptors partially (see above). At a concentration of 10 M, however, we can be confident that BIC blocks only GABA A receptors, although it may not block the activation of all GABA A receptors present on DMV neurons completely.
These data indicate that BIC-insensitive mIPSCs are glycinergic in nature, whereas STRY-insensitive mIPSCs are GABAergic in nature.
The responsiveness of DMV neurons to BIC (10 M) or STRY (1 M) was assessed in a total of 153 neurons from P1-P30, with n ϭ 4 -10 for each day. Of the 32 neurons that responded to sequential application of both antagonists, mIPSC frequency was decreased from 1.7 Ϯ 0.33 to 0.9 Ϯ 0.29 events/s in BIC and from 1.8 Ϯ 0.47 to 0.7 Ϯ 0.16 events/s in STRY (P Ͻ 0.05 for both). In contrast, neither BIC nor STRY had any effect on mIPSC amplitude (56 Ϯ 6.2 vs. 46 Ϯ 5.0 pA in the presence of BIC and 54 Ϯ 6.7 vs. 53 Ϯ 6.8 pA in the presence of STRY, P Ͼ 0.05 for each). BIC decreased mIPSC decay constant and half-width (9.33 Ϯ 0.73 vs 5.7 Ϯ 0.63 ms and 7.9 Ϯ 0.89 vs. 5.8 Ϯ 0.63 ms, respectively, P Ͻ 0.05 for both), whereas STRY increased mIPSC decay constant and half-width (8.45 Ϯ 0.75 vs. 11.75 Ϯ 0.96 ms and 6.5 Ϯ 0.66 vs 8.3 Ϯ 0.83 ms, respectively, P Ͻ 0.05; Fig. 5 ). Finally, GABAergic mIPSC rise time (10 -90%) was slower than that of glycinergic mIPSCs (3.2 Ϯ 0.34 vs. 2.2 Ϯ 0.26 ms, P Ͻ 0.05).
The proportion of neurons that received BIC-sensitive mIPSCs was consistent across all time points examined (Fig.  6B) ; in contrast, the proportion of neurons that received STRYsensitive mIPSCs declined over time (Fig. 6D) . These results suggest that, at early postnatal developmental time points, both GABAergic and glycinergic inhibitory synaptic inputs impinge upon DMV neurons. At later postnatal time points, however, minimal glycinergic synaptic currents are detectable, and the majority of inhibitory synaptic transmission is GABAergic only.
The loss of glycinergic synaptic inputs was reflected in the decline in ability of BIC or STRY to modulate mIPSC decay at later postnatal time points (Fig. 6, A and C) . At early postnatal time points (P1-7), for example, BIC decreased (11.0 Ϯ 0.67 vs. 8.75 Ϯ 0.8 ms, n ϭ 27, P Ͻ 0.05), whereas STRY The magnitude of the current induced by picospritz application of muscimol (100 M) was measured in DMV neurons voltage clamped at potentials between Ϫ40 and Ϫ90 mV (traces in the inset). The resulting current-voltage relationship was used to estimate the reversal potential of the GABA A current. V m , membrane potential. B: graphical summary of the effects of postnatal age on the reversal potential of muscimolinduced current in DMV neurons. Note that the reversal potential was markedly more hyperpolarized after P8. increased (9.5 Ϯ 0.51 vs. 12.0 Ϯ 0.59 ms, n ϭ 44, P Ͻ 0.05), mIPSC decay time. At later postnatal time points, however, neither BIC (8.0 Ϯ 0.44 vs. 7.6 Ϯ 0.61 ms, n ϭ 28, P Ͻ 0.05) nor STRY (7.9 Ϯ 0.5 vs. 7.6 Ϯ 0.44 ms, n ϭ 47, P Ͼ 0.05) affected mIPSC decay kinetics.
Effects of BIC and STRY on DMV neuronal excitability. The effects of BIC (10 M) and STRY (1 M) on DMV neuron action potential firing frequency was assessed in 16 neurons (P1-5: n ϭ 5 and P22-30: n ϭ 11). At early postnatal time points, STRY increased action potential firing frequency, whereas BIC had no effect (Fig. 6) . In contrast, at later postnatal time points (P22-30), STRY was ineffective, whereas BIC increased firing frequency (Fig. 7) .
These results suggest that, while DMV neurons are inhibited tonically by synaptic inputs, the neurotransmitter responsible for this inhibition alters during development, being prominently glycinergic at early postnatal time points but GABAergic later in development.
DISCUSSION
The present study is the first comprehensive study to use electrophysiological methods to functionally define the de- Fig. 4 . BIC-and STRY sensitivity of mIPSCs in DMV neurons. A: eight consecutive traces illustrating mIPSCs from a P5 DMV neuron voltage clamped at Ϫ50 mV in control conditions (left), after superfusion with BIC (10 M; middle), and after superfusion with BIC and STRY (1 M; right). Note that mIPSC frequency, but not amplitude, was decreased by BIC, whereas the subsequent addition of STRY abolished all remaining synaptic currents. B: eight consecutive traces illustrating mIPSCs from a P7 DMV neuron voltage clamped at Ϫ50 mV in control conditions (left), after superfusion with STRY (1 M; middle), and after superfusion with both STRY and BIC (10 M; right). Note that mIPSC frequency, but not amplitude, was decreased by STRY, whereas the subsequent addition of BIC abolished all remaining synaptic currents. C: graphical summary of the effects of BIC on mIPSC frequency (left) and amplitude (right) of the neuron shown in A. Note that BIC increased the mIPSC interevent interval (i.e., decreased frequency) but had no effect on amplitude. velopmental maturation of inhibitory synaptic transmission to DMV neurons in the rat brain stem. The results of the present study demonstrate that 1) DMV neurons display functional glycinergic receptors throughout development and early adulthood, 2) DMV neurons receive both glycinergic and GABAergic synaptic inputs, 3) the proportion of DMV neurons that receive glycinergic synaptic inputs declines during postnatal development and is minimal by P30, 4) the proportion of DMV neurons that receives GABAergic synaptic inputs remains relatively constant throughout de- Fig. 6 . Developmental alterations in the actions of BIC and STRY to modulate mIPSCs. A: averaged mIPSCs from a DMV neuron at P5 (left) and P24 (right) illustrating the actions of BIC (10 M) to decrease mIPSC decay at early, but not late, postnatal time points. B: graphical summary of the proportion of BIC-sensitive DMV neurons at each time point (P1-30) studied, including the linear regression (black) and 95% confidence limits (blue), with a slope of Ϫ0.188 Ϯ 0.49 (P Ͼ 0.05). Note that the coefficient of determination (r 2 ) suggests that development does not affect the proportion of DMV neurons receiving BIC-sensitive synaptic inputs. C: averaged mIPSCs from a DMV neuron at P6 (left) and P22 (right) illustrating the effects of STRY (1 M) to increase mIPSC decay at early, but not later, postnatal time points. D: graphical summary of the proportion of STRY-sensitive DMV neurons at each time point (P1-30) studied, including the linear regression (black) and 95% confidence limits (blue), with a slope of Ϫ1.635 Ϯ 0.38 (P Ͻ 0.05). Note that the coefficient of determination (r 2 ) suggests a relationship between the proportion of DMV neurons receiving STRY-sensitive synaptic inputs and their decline during development. Fig. 7 . Effects of BIC and STRY on action potential firing rate during development. A: representative recordings from DMV neurons at early (P7; top) and late (P28; bottom) time points illustrating the effects of BIC (10 M; middle) and STRY (1 M; right) on the number of action potentials fired in response to injection of direct current. Note that, at early postnatal time points, BIC had no effect, but STRY increased, action potential firing frequency. In contrast, at later time points, BIC increased, but STRY had no effect, on action potential firing rate. B: graphical summary of the effects of STRY (left) and BIC (right) on action potential firing frequency in response to increasing current injection at early (P1-7) and late (P22-30) time points. Note that STRY increased action potential firing frequency only at early time points, whereas BIC increased firing frequency at later time points. velopment, and 5) both glycine and GABA regulate DMV neuronal excitability in a developmentally regulated manner.
The NTS-DMV synapse functions as a critical intersection in the integration of ascending visceral signals as well as descending visceromotor signals regulating a variety of visceral functions including gastric tone, motility, secretion and emptying, motility and transit of the upper gastrointestinal tract, as well as pancreatic exocrine and endocrine secretion (Browning and Travagli 2014) . While rigorous time-controlled neuronal tracing studies have demonstrated that vagovagal neurocircuits are anatomically mature at the late embryonic stage [embryonic day 18 (Rinaman and Levitt 1993; Rinaman et al. 2000) ], they undergo a considerable degree of synaptogenesis, differentiation, and reorganization postnatally and do not appear fully patterned until around P22-28 (Dufour et al. 2010; Rao et al. 1999; Rinaman 2003; Tell 1997, 1999) .
Immunohistochemical and electron microscopy studies have suggested that, during early development, rat brain stem inhibitory synapses contain a mixture of both GABA and glycine (Dufour et al. 2010 ). In the adult rat, however, functional studies from a variety of groups have shown clearly that inhibitory synapses in the NTS-DMV use only GABA (Dufour et al. 2010; Travagli et al. 1991) , suggesting a developmental loss of inhibitory glycinergic transmission during maturation. The present study has demonstrated that DMV neurons display functional glycine receptors throughout the postnatal period, as previously reported (Cassell et al. 2000) , although glycinergic synaptic transmission declines after the second postnatal week. A similar "transmitter mismatch" has been reported in other central neurons, however, and appears to reflect a developmental dissociation between loss of glycine as a neurotransmitter but retention of postsynaptic glycine receptors (Mangin et al. 2002; Muller et al. 2006 ), the physiological function of which remains open to question.
Neurophysiological studies have argued in favor of the corelease of GABA and glycine from the same synaptic vesicle, notably onto spinal motoneurons (Inquimbert et al. 2007; Jonas et al. 1998 ) and respiratory motoneurons (Rahman et al. 2013) . In the present study, while we have provided evidence to suggest that both GABA and glycine are released as inhibitory neurotransmitters onto DMV neurons at early postnatal time points, it remains to be determined whether these neurotransmitters are coreleased from the same vesicle or synaptic terminal. The relatively low frequency of mIPSCs of DMV neurons in the present study would argue against the probability that mixed mIPSCs would arise from the stochastic release of GABA and glycine from different nerve terminals or from different vesicles within the same terminal, but this will require further detailed examination.
During postnatal development, GABA and glycine are initially excitatory before the increase in the expression and activity of K ϩ -Cl Ϫ cotransporter 2, which shifts the Cl Ϫ equilibrium potential to a more negative level (Cellot and Cherubini 2013; Watanabe and Fukuda 2015) . The timing of this developmental switch from excitatory to inhibitory GABA/glycine transmission appears to be dependent on the neuronal network in question, even within the brain stem, but occurs within the first 2 postnatal weeks [P4, pre-Botzinger complex (Ritter and Zhang 2000); P6-8, abducens nucleus (Russier et al. 2002) ; P8 (present study); P10, hypoglossal nucleus (Singer et al. 1998) ; and P14-15, medial nucleus of the trapezoid body (Awatramani et al. 2005) ]. Given the prominent role that tonically active synaptic inputs play in determining the excitability of vagal efferent motoneurons, however (Babic et al. 2011; Gao and Smith 2010; Sivarao et al. 1998; Travagli et al. 1991) , this suggests that DMV neurons become markedly more hyperpolarized by the second postnatal week. During this timeframe, however, the proportion of DMV neurons that receive glycinergic inputs also begins to decline, and, when fully mature (P22-30), few DMV neurons receive glycinergic inputs (Dufour et al. 2010) . Of note, both glycine and GABA synaptic currents in DMV neurons become faster during development, most likely due the appearance of kinetically faster receptor subunits (Liu and Wong-Riley 2013; Ortinski et al. 2004; Takahashi et al. 1992 ). This may increase in the temporal precision by which vagal motoneurons are finely regulated by synaptic inputs (Awatramani et al. 2005; Russier et al. 2002; Singer and Berger 2000) . By adulthood, therefore, not only do fewer DMV neurons receive glycinergic synaptic inputs, but those glycinergic currents that remain are much faster in duration and, hence, induce a smaller overall inhibition of DMV neurons. Indeed, our results demonstrate that STRY increases neuronal excitability, as measured by action potential firing rats in response to depolarizing current injection, only at early postnatal time points, suggesting that a tonic glycinergic inhibition of DMV neurons is physiological relevant only within the early postnatal period. Several studies have suggested that the postnatal period appears critical to the developmental maturation of vagal neurocircuits. Central vagal neurocircuits appear especially vulnerable to developmental reorganization during this period. Adverse early life adverse events, including maternal stress or neonatal separation, are known to alter the development of autonomic neurocircuits (Banihashemi and Rinaman 2010; Liu et al. 2008; Rinaman et al. 2011) . The potential exists, therefore, for such early life events to disrupt the developmental maturation of inhibitory neurocircuits. While DMV neurons are intrinsic pacemakers, firing at ϳ1 Hz (Travagli and Gillis 1994; Travagli et al. 1991) , their activity is sculpted continuously by a variety of synaptic inputs from other brain stem nuclei (Babic et al. 2011; Glatzer et al. 2003; Travagli et al. 1991) principally the adjacent NTS. DMV neurons receive glutamatergic, catecholaminergic, and GABAergic synaptic inputs, but several studies have demonstrated that the GABAergic inputs play a critical role in tonically inhibitory DMV neuronal activity (Browning and Travagli 2007; Sivarao et al. 1998; Travagli et al. 1991) . Developmental disruption of inhibitory neurocircuits could, therefore, have a considerable impact upon synaptic inputs onto DMV neurons. Given that the resting membrane potential of DMV neurons is very close to action potential firing threshold, even minor alterations in synaptic inputs may have quite profound effects on neuronal excitability and, hence, parasympathetic efferent control over a variety of vagally dependent visceral functions.
